Introduction {#S0001}
============

As an important feature of tumor cells, aerobic glycolysis plays an essential role in tumor development. Unlike normal cells which metabolize glucose completely to CO~2~ and H~2~O, cancer cells prefer to acquire the energy by converting glucose into lactic acid even when sufficient oxygen is available.[@CIT0001] Although the efficiency of ATP generation in tumor glycolysis is low, the high speed of energy production is indispensable for rapid tumor growth.[@CIT0002] Moreover, the intermediate products generated in tumor glycolysis are useful for cancer cells to promote the biosynthesis to meet the requirement of cell proliferation.[@CIT0003] In addition, the product of tumor glycolysis can acidify the microenvironment around tumor tissue and help tumor cells escape the surveillance of the immune system and give rise to tumor cell invasion and metastasis.[@CIT0004] So far, the details involved in the transition from oxidative phosphorylation to aerobic glycolysis are not fully understood, and several mechanisms were considered to contribute to this metabolic reprogramming.[@CIT0005]

In glucose metabolism, hexokinases are the crucial enzymes and responsible for catalyzing ATP-dependent phosphorylation of glucose to generate glucose-6-phosphate.[@CIT0006] So far, four different isoforms of hexokinases named hexokinase 1--4, respectively, have been characterized. Owing to the different affinities to glucose and distributions in cells, these four isoforms have different roles in glucose metabolism.[@CIT0007],[@CIT0008] Recently, increasing evidence suggested that hexokinase-2 is upregulated in cancer development and is associated with enhanced tumor glycolysis.[@CIT0009],[@CIT0010] By positioning itself on the outer membrane of mitochondria, hexokinase-2 not only can avoid the inhibitory effect of its own product, but also get easier access to newly generated ATP and increase tumor glycolysis.[@CIT0011] Except the role in glycolysis regulation, hexokinase-2 has been demonstrated to be also involved in the mediation of tumor cell survival. Hexokinase-2 is engaged in the maintenance of the integrity of outer membrane and protect cells from apoptosis.[@CIT0012] In some extreme conditions, such as glucose deprivation, hexokinase-2 can sense the glucose availability and function as a switcher from tumor glycolysis to autophagy.[@CIT0013]

Dioscin is a kind of steroid saponins isolated from traditional Chinese medicines, such as Dioscoreae rhizome and Paridis rhizome. Pharmacology researches showed that dioscin possessed multiple biological functions, such as protection of chemical-induced liver damage, anti-inflammatory activity, lipid-lowering property.[@CIT0014] Recently, increasing studies reported that dioscin had potent activities against various cancers, including leukemia, non-small cell lung cancer, hepatocellular carcinoma, and gastric cancers.[@CIT0015],[@CIT0016] Different molecular mechanisms including DNA damage regulation, cell cycle arrest, apoptosis induction, reactive oxygen species elevation were suggested to be contributed to the antitumor activities of dioscin.[@CIT0017]--[@CIT0019] Except that, by decreasing MDR1 levels and inhibiting the activity of the p-gp protein, dioscin can substantially reverse the multidrug resistance in several cancers.[@CIT0020],[@CIT0021] So far, the activity of dioscin against tumor glycolysis and the underlying mechanisms remain unclear, in this study, we mainly investigated the effect of dioscin on tumor glycolysis in colorectal cancers and the related molecular mechanisms.

Materials and Methods {#S0002}
=====================

Cell Lines and Reagents {#S0002-S2001}
-----------------------

Dioscin (≥95%) and MG132 were products of Sigma-Aldrich (St. Louis, MO). Normal colon epithelial cells FHC and CCD-18Co, and human colorectal cancer cells, including HCT116, HT29, DLD1, and SW620, were from the American Type Culture Collection (ATCC). All cells were cultured by following the standard protocols. Anti-HK2, anti-HK1, anti-VDAC1, anti-FBW7, anti-c-Myc, anti-cleaved-PARP, anti- cytochrome C, anti-cleaved-caspase-3, anti-Bax, anti-α-Tubulin, anti-β-actin, anti-mouse/rabbit secondary antibodies were from Cell Signaling Technology, Inc. (Danvers, MA). Anti-Ki67 and anti-c-Myc antibodies were purchased from Abcam (Cambridge, UK). Lipofectamine was from Invitrogen (Carlsbad, CA). HK2 overexpression plasmid was purchased from Addgene (Cat.: 23854). Control siRNA (Cat.: sc-37007) and FBW7 (Cat.: sc-37547) siRNAs were product of Santa Cruz.

Cell Proliferation Assay {#S0002-S2002}
------------------------

Digested with trypsin, the CRC cells were resuspended with culture medium and adjusted to appropriate concentration, then 90μL cell suspensions were seeded into 96-well plate. After the cells were completely attached (usually overnight), 10μL solutions containing different concentrations of dioscin were added. At different time points, the examination of cell viability was performed with Cell Titer-Glo Luminescent Cell Viability Assay kit (Promega Madison, WI) by following manufacturer's instructions.

Western Blotting {#S0002-S2003}
----------------

CRC cells treated with dioscin were lysed with RIPA solutions, the lysates were harvested and then centrifuged at 12,000 g for 10 mins, the supernatants were collected and protein concentrations were determined. 30 μg protein per lane was loaded into10% acrylamide gel and resolved by SDS-PAGE. After electrically transferring to the PVDF membrane, the unspecific sites on the membrane were blocked by 5% non-fat dry milk. After the incubation with primary and secondary antibodies, the membrane was visualized by ECL chemiluminescence reagents (Pierce Chemical Co., Rockford, Illinois, USA).

Tumor Glycolysis Measurement {#S0002-S2004}
----------------------------

The glycolytic levels in CRC levels were determined by glucose consumption and lactate generation in culture medium. Briefly, appropriate amount of CRC cells (5×10^5^/well) were seeded into 6-well plate and cultured in the incubator until the cells were attached to the plate, then the fresh mediums with dioscin were added and incubated for 8 hrs. The culture mediums were collected and the glucose and lactate levels were examined with Glucose Assay Kit (ab65333, Abcam) and L-Lactate Assay Kit (ab65331, Abcam) respectively. The protein concentration per well was measured by Bradford assay (Bio-Rad, Philadelphia, PA, USA) and used to normalize glucose and lactate concentrations.

Caspase-3 Activity Measurement {#S0002-S2005}
------------------------------

The caspase-3 activity in CRC cells was measured by the Caspase-3 Assay Kit (ab39401, Abcam). Briefly, the CRC cells treated with/without dioscin were harvested and lysed on ice. After centrifugation, protein was measured and then adjusted to the concentration as suggested, then the caspase-3 activity was examined by following supplier's protocols.

Soft Agar Colony Formation Assay {#S0002-S2006}
--------------------------------

The soft agar assay was performed as described following, briefly, the cells were counted and diluted to the concentration of 10,000 cells/mL in a 5 mL tube, and mixed with the Eagle's basal medium which containing 10% FBS, 0.3% agar, and dioscin at various concentrations. The mixture was loaded into the 6-well plates which coated with a 0.6% agar base layer. The plates were placed into cell incubator until obvious cell colonies were observed in the control group (generally about 2 weeks). The number of cell colonies (more than 50 cells/colony) was counted under the microscope.

Mitochondria Isolation {#S0002-S2007}
----------------------

After digestion with trypsin, CRC cells from 100 mm dish were harvested and washed with ice-cold PBS. Cell pellets were obtained by centrifugation at 800 rpm for 5 min. The mitochondria in the pellets were extracted using the Mitochondria Isolation Kit (ab110170, Abcam) following the standard procedure.

Co-Immunoprecipitation (Co-IP) Assays {#S0002-S2008}
-------------------------------------

Briefly, after digestion, the tumor cells were harvested. The NP40 buffer (FNN0021, Thermo Fisher) was used for cell lysate extraction. After centrifugation, the supernatants from the cell lysates were incubated with agarose A/G beads and specific primary antibody at 4°C overnight. Washing three times with the lysis buffer, the interacted proteins were examined by immunoblotting.

In vivo Efficacy Study {#S0002-S2009}
----------------------

The animal studies were performed with the approval of the Animal Ethics Committee of Shanghai Jiao Tong University. All operations were performed in accordance with the guideline of National Institute of Health Guide for the Care and Use of Laboratory Animals. HCT116 or HT29 xenograft model was established by subcutaneously injecting cell suspension (5×10^6^ cell/mice) into the right flank of female nude mice. When the tumor was formed (about 100 mm^3^), the mice were randomly divided and designated as vehicle or treatment group, respectively (5 mice/group). The vehicle group received 0.5% sodium carboxymethylcellulose, and the treatment group was i.p. injected 5mg/kg dioscin every 2 days. Tumor volume was measured by microcalipers every 2 days and calculated as V= (length×width^2^)/2. Meanwhile, the weight of tumor-bearing mice was also examined. In the end of experiments, the mice were sacrificed with CO~2~, the tumors were stripped, photographed and weighed.

Immunohistochemical (IHC) Staining {#S0002-S2010}
----------------------------------

The colorectal cancer tissue microarray (CO484a), which includes 45 malignant CRC tissue and matched adjacent tissue, was product of US Biomax, Inc. The tissue from mouse xenograft was embedded in paraffin and cut into 5μM slides. The whole IHC staining processes were performed as following. Briefly, after dewaxing and hydration, the antigen retrieval in the slides was carried out in boiled sodium citrate buffer (PH=6.0), then the slides were incubated with 3% H~2~O~2~ for 10mins and the endogenous peroxidase was blocked. The slides were blocked with the serum from goat and then incubated with the primary antibodies overnight at 4°C. After washing in PBS solution, the slides were treated with HRP-conjugated goat anti-rabbit polymer antibodies and visualized with DAB. By counterstaining with hematoxylin, the slides were dehydrated in alcohol and xylene and then mounted. The expression status was analyzed by the software Image-Pro PLUS (v.6).

Statistical Analysis {#S0002-S2011}
--------------------

The quantitative data was calculated as mean±SD, and the statistical analysis was carried out by the SPSS software (version 13.0). Two-tailed student *T* test was used to analyze the statistical differences and p\< 0.05 was considered to represent significant difference.

Results {#S0003}
=======

Dioscin Inhibited CRC Proliferation and Colony Formation in vitro {#S0003-S2001}
-----------------------------------------------------------------

Firstly, the antitumor activities of dioscin ([Figure 1A](#F0001){ref-type="fig"}) against CRC cells were evaluated by the cell proliferation assays. As shown in [Figure 1B](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}, in three CRC cells (HT-29, HCT-116, and SW480), after the treatment of dioscin, cell proliferation was significantly inhibited in a dose-dependent manner. At the top concentration 5μM, after the incubation for 72 hrs, cell proliferation was almost completely suppressed, and cell growth inhibition rate reached more than 90%. To further examine the antitumor potency of dioscin, we used anchorage-independent growth assay to measure the effect of dioscin on cell colony formation. As the results demonstrated ([Figure 1E](#F0001){ref-type="fig"}--[G](#F0001){ref-type="fig"}), in the cells with no dioscin, a number of cell clones were observed in the soft agar, however, with the treatment of dioscin, the number of clones formed was dramatically decreased, demonstrating that dioscin had a profound antitumor potency in CRC cells.Figure 1Dioscin inhibited colorectal cancer proliferation and colony formations. (**A**) The chemical structure of dioscin; (**B--D**) Dioscin inhibited colorectal cancer proliferation in vitro. HT-29 (**B**), HCT-116 (**C**) and SW-480 (**D**) cells were placed into 96-well plates and then treated with different concentrations of dioscin for 24, 48, 72 hrs, respectively, the cell viability was measured by the Cell Titer-Glo kit as described. (**E--G**) Dioscin inhibited the colony formation of colorectal cells. HT-29 (**E**), HCT-116 (**F**) and SW-480 (**G**) cell suspensions treated with dioscin were plated into 6-well plate, and the colony formation was examined as described in methods. Left, the representative images; right, quantitative statistics expressed as mean ± SD. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 versus the control.

Dioscin Inhibited the Glycolysis in CRC Cells by Mediating Hexokinase-2 {#S0003-S2002}
-----------------------------------------------------------------------

Hexokinase-2 has a critical role in the regulation of tumor glycolysis, so we examined the expression of hexokinase-2 in colorectal cancers. As shown in [Figure 2A](#F0002){ref-type="fig"}, in 45 paired tissue, the intensity of hexokinase-2 in tumor tissue was obviously higher than adjacent normal tissue. Moreover, the Western blotting results demonstrated compared with normal colonic cells FHC and CCD-18Co; the expression of hexokinase-2 was significantly increased in four detected colorectal cancer cells ([Figure 2B](#F0002){ref-type="fig"}). Next, we investigated the effect of dioscin on tumor glycolysis. As the results shown in [Figure 2C](#F0002){ref-type="fig"}--[E](#F0002){ref-type="fig"}, in CRC cells, the treatment of dioscin resulted in a substantial decrease in glucose consumption. With the decline of glucose absorption, the amount of the lactate generated by CRC cells was also decreased significantly, demonstrating the glycolysis in dioscin-treated CRC was suppressed. Moreover, the analysis of the crucial proteins in tumor glycolytic pathways showed that the expression of hexokinase-2, not hexokinase-1, was dose-dependently reduced. To further clarify the role of hexokinase-2 in dioscin-induced glycolysis inhibition, we exogenously expressed hexokinase-2 in HCT-116 and HT-29 cells, and the results showed hexokinase-2 overexpression significantly reversed the glycolysis inhibition ([Figure 2F](#F0002){ref-type="fig"}--[G](#F0002){ref-type="fig"}).Figure 2Dioscin inhibited tumor glycolysis in colorectal cancers by downregulating hexokinase-2. (**A**) The expression of hexokinase-2 in colorectal cancer tissue and paired adjacent tissue was examined by IHC staining. Left, the representative images; right, the statistics of hexokinase-2 expression. \*\*\*p\<0.001 indicated a significant difference. (**B**) The expression of hexokinase-2 in normal colon cells and colorectal cancer cells was examined by Western blotting. (**C**--**E**) HT-29 (**C**), HCT-116 (**D**) and SW-480 (**E**) cells were treated with dioscin and the expression of hexokinase-2 (left), glucose consumption (middle) or lactate production (right) was measured, respectively. (**F**--**G**) Hexokinase-2 overexpression impaired dioscin-induced glycolysis inhibition. Ectopic overexpression of hexokinase-2 was performed in HCT-116 and HT-29 cells and then treated with 5 μM dioscin, the amount of glucose (**F**) and lactate (**G**) were measured as described. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 versus the control.

Hexokinase-2 Suppression Contributed to Dioscin-Induced Cell Apoptosis {#S0003-S2003}
----------------------------------------------------------------------

Generally, hexokinase-2 is bound to the VDAC-1 and maintains the integrity of outer membrane of mitochondria. Given the effects of dioscin on hexokinase-2 expression, we speculated that the interaction between hexokinase-2 and VDAC-1 would be affected by dioscin. We performed the co-immunoprecipitation experiments to detect the change of the binding of hexokinase-2 to VDAC-1. All results demonstrated that in dioscin-treated cells, the interaction between hexokinase-2 and VDAC-1 was significantly impaired ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}). Furthermore, we isolated the cytosolic and mitochondria fractions, respectively, and examined the expression of cytochrome C and Bax. As the results demonstrated in [Figure 3C](#F0003){ref-type="fig"} and [D](#F0003){ref-type="fig"}, in the cytosolic parts, the amount of cytochrome C was dose-dependently increased, whereas Bax was substantially decreased. However, in mitochondria, Bax expression was dramatically elevated. These results suggested that Bax was translocated from the cytoplasm to mitochondria after dioscin treatment, which gave rise to the release of cytochrome C. Cleaved PARP and Caspase-3 are important markers of cell apoptosis, as shown in [Figure 3E](#F0003){ref-type="fig"}, cleaved PARP and Caspase-3 were dose-dependently increased in dioscin-treated CRC cells, implying that substantial cells were induced apoptosis by dioscin. Meanwhile, we also examined the activities of Caspase-3 after dioscin treatment. The results showed that the activities of Caspase-3 were significantly increased ([Figure 3F](#F0003){ref-type="fig"}). To verify the role of hexokinase-2 suppression in dioscin-induced cell apoptosis, hexokinase-2 was ectopically overexpressed in HCT-116 and HT-29 cells and then measured the apoptosis induction by dioscin. As demonstrated in [Figure 3G](#F0003){ref-type="fig"}--[H](#F0003){ref-type="fig"}, dioscin-induced cell apoptosis in hexokinase-2 overexpression cells was dramatically attenuated, which was evidenced by the decrease of cleaved PARP and caspase-3 as well as the activity of caspase-3.Figure 3Dioscin-induced cell apoptosis in colorectal cancer via suppressing hexokinase-2. (**A, B**) Dioscin impaired the interaction between hexokinase-2 and VDAC-1. HCT-116 (**A**) or HT-29 (**B**) Cells were treated with 1μM dioscin for 24 hrs, and the cell lysates were harvested. The cell lysates were immunoprecipitated with anti-hexokinase-2 or anti-VDAC-1 antibodies, respectively, and then probed by Western blotting with indicated antibodies. (**C, D**), Dioscin induced the translocation of cytochrome C and Bax. HCT-116 (**C**) or HT-29 (**D**) cells were treated with the indicated concentration of dioscin, the cytosolic and mitochondria fractions were extracted as described, respectively, and then examined with indicated antibodies. (**E, F**) Dioscin-induced cell apoptosis in CRC cells. HT-29, HCT-116, or SW480 cells were treated with dioscin for 24 hrs, cleaved PARP and caspase-3 (**E**) or the activity of caspase-3 (**F**) was examined. (**G, H**) Ectopic overexpression attenuated dioscin-induced cell apoptosis. HT-29 or HCT-116 cells were transfected with plasmid overexpressing hexokinase-2 and then treated with 5 μM dioscin, and the expression of cleaved PARP and caspase-3 (**G**) or the activity of caspase-3 (**H**) was measured. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 represented significant differences.

Dioscin-Induced Hexokinase-2 Suppression by Inhibiting c-myc {#S0003-S2004}
------------------------------------------------------------

The transcriptional factor c-myc is reported to engage in hexokinase-2 regulation. In HCT-116 and HT-29 cell, we adopted shRNA to silence c-myc expression and examined the effects. As shown in [Figure 4A](#F0004){ref-type="fig"}--[B](#F0004){ref-type="fig"}, in c-Myc knockdown cells, the expression of hexokinase-2 was dramatically decreased, the glucose consumption and lactate production were significantly dropped accordingly. In dioscin-treated CRC cells, we examined the effect of dioscin on c-myc, the results revealed c-myc was dose-dependently downregulated ([Figure 4C](#F0004){ref-type="fig"}), suggesting the suppression of hexokinase-2 caused by dioscin maybe attribute to the inhibition of c-myc. To clear the importance of c-myc in dioscin-mediated hexokinase-2 suppression, we ectopically overexpressed c-myc in HCT-116 cells, and the results showed that dioscin-induced hexokinase-2 suppression was substantially attenuated ([Figure 4D](#F0004){ref-type="fig"}). With the recovery of HK-2, the expression of cleaved-PARP and caspase-3 was decreased in c-myc overexpression cells, and the activity of caspase-3 was also reduced accordingly, suggesting c-myc ectopic overexpression significantly impaired dioscin-induced cell apoptosis ([Figure 4E](#F0004){ref-type="fig"}--[F](#F0004){ref-type="fig"}).Figure 4Dioscin inhibited hexokinase-2 expression by downregulating c-myc. (**A, B**) c-myc knockdown suppressed hexokinase-2 expression and tumor glycolysis. HCT-116 (**A**) or HT-29 (**B**) cells were transfected with c-myc shRNA, the expression of hexokinase-2 in transfected cells (left), glucose consumption (middle) or lactate production (right) was examined. (**C**) Dioscin reduced c-myc expression in CRC cells. CRC cells were treated with indicated concentrations of dioscin, and the expression of c-myc was detected. (**D**) Exogenous overexpression of c-myc attenuated hexokinase-2 suppression by dioscin. HCT-116 cells were transfected with plasmids overexpressing c-myc and then treated with 5μM dioscin, the expression of c-myc and hexokinase-2 was detected. (**E, F**) c-myc ectopic overexpression attenuated dioscin-induced cell apoptosis. HCT-116 cells were transfected with plasmid overexpressing c-myc and then treated with 5μM dioscin, and the expression of HK-2, cleaved PARP and caspase-3 (**E**) or the activity of caspase-3 (**F**) was measured. \*\*p\<0.01, \*\*\*p\<0.001 represented significant differences.

Dioscin Promoted FBW-7 Mediated c-myc Ubiquitination {#S0003-S2005}
----------------------------------------------------

To illustrate the mechanism by which c-myc was inhibited, we firstly examined the effects of dioscin on c-myc mRNA levels, and no difference was observed (data not shown). However, after CRC cells were treated with proteasome inhibitor MG132, the dioscin-mediated c-myc reduction was significantly recovered ([Figure 5A](#F0005){ref-type="fig"}). Furthermore, in HCT-116 cells, we examined the ubiquitination levels of c-myc. As the results are shown in [Figure 5B](#F0005){ref-type="fig"}, in MGC-132 pretreated HCT-116 cells, after the treatment of dioscin, the ubiquitin levels of c-myc were significantly increased. FBW-7 is the E3 ligase responsible for the ubiquitination of c-myc; therefore, in HCT-116 cells, we adopted siRNA to knockdown the expression of FBW7 and observed the effects on c-myc ubiquitination. As demonstrated, in FBW7-knockdown cells, dioscin-induced ubiquitination of c-myc was substantially decreased, the expression of c-myc was slightly increased ([Figure 5C](#F0005){ref-type="fig"}). Furthermore, we investigated whether dioscin affected the interaction between FBW7 and c-myc. In [Figure 5D](#F0005){ref-type="fig"}, the results showed that dioscin had no effects on the expression of FBW7, however, in dioscin-treated cells, the amount of c-myc bound to FBW7 was significantly increased, implying dioscin promoted the binding between FBW7 and c-myc.Figure 5Dioscin promoted the ubiquitination of c-myc. (**A**) Proteasome inhibitor MG132 antagonized dioscin-mediated c-myc reduction. CRC cell was pretreated with 20 μM MG132 and then treated with 5μM dioscin; the expression of c-myc was examined by Western blotting. (**B**) Dioscin increases the ubiquitination levels of c-myc. HCT-116 cells were pretreated with 20 μM MG132 and then incubated with indicated dioscin, the cell lysates were immunoprecipitated with anti-c-myc antibody and then probed with anti-ubiquitin antibody. (**C**) FBW-7 was involved in dioscin-mediated ubiquitination of c-myc. HCT-116 were transfected with FBW7 siRNA and then treated with 5μM dioscin, the ubiquitination of c-myc was detected as described. (**D**) Dioscin enhanced the binding between c-myc and FBW-7. HCT-116 cells were treated with 5μM dioscin, the cell lysates were immunoprecipitated with anti-FBW7 antibody, and the precipitation was probed with the anti-c-Myc antibody.

Dioscin Inhibited the Growth of CRC Xenografts in vivo {#S0003-S2006}
------------------------------------------------------

Finally, we have established HCT-116 and HT-29 xenograft models in nude mice and evaluated the antitumor potency of dioscin. As the results are shown in [Figure 6A](#F0006){ref-type="fig"}--[D](#F0006){ref-type="fig"}, in these two models, dioscin at the dose of 5mg/kg had displayed potent antitumor activities, and the tumor growth was remarkably restrained. In HCT-116 models, the tumor volume of vehicle and the dioscin-treated group were 825mm^3^ and 340mm^3^ respectively, and in HT-29 models, the volume was 605mm^3^ and 240mm^3^ respectively. In addition, during the experiment, the administration of dioscin did not cause significant weight loss in tumor-bearing mice, and no obvious side effects were observed, proving that dioscin was safe at the dose of 5mg/kg ([Figure 6E](#F0006){ref-type="fig"}--[F](#F0006){ref-type="fig"}). Consistent with the in vitro findings, the immunohistochemistry results revealed a significant decrease of the expression of c-myc and hexokinase-2 in tumor tissues treated with dioscin. Meanwhile, the expression level of ki67, an important marker of cell proliferation potentials, also decreased significantly. Conversely, in dioscin-treated tumor tissue, the expression of cleaved caspase-3 was substantially increased, suggesting an increase of cell apoptosis induction ([Figure 6G](#F0006){ref-type="fig"}).Figure 6Disocin inhibited CRC xenograft growth in nude mice. (**A**--**D**) Dioscin restrained the growth of HCT-116 and HT-29 xenografts. The nude mice bearing HCT-116 or HT-29 xenografts were administrated with dioscin, and the growth rate of HCT-116 (**A**) or HT-29 (**C**) xenograft was measured. At the end of experiments, HCT-116 (**B**) or HT-29 (**D**) xenograft was isolated, photography, and weighed. Left: the images of tumor tissue; right: the weight of tumor tissue expressed as mean±SD. \*\*p\<0.01, \*\*\*p\<0.001 versus the vehicle. (**E**--**F**) The curve of the body weight of nude mice bearing HCT-116 (**E**) or HT-29 (**F**) tumors during the experiments. (**G**) The expression of Ki67, c-myc, hexokinase-2 and cleaved-caspase-3 was decreased after dioscin treatment. In the end of in vivo experiments, tumor tissue was collected and stained with Ki67, c-myc, hexokinase-2 and cleaved caspase-3 antibodies, respectively. Upper, the representative photograph. Below, the expression was quantified, \*\*\*p\<0.001 indicated a significant difference.

Discussion {#S0004}
==========

Colorectal cancer is a significant threat to the health of the public in worldwide. With the improvement of drug development, more and more advanced therapeutics such as targeted therapy, immunotherapy, CART were applied to the clinical treatment of colorectal cancer. However, some serious adverse effects of these therapeutics prevented patients from clinical benefits.[@CIT0022] Therefore, seeking potential drugs with high efficacy and low toxicity is in urgent needs. In contrast with the compounds obtained through synthetic chemistry, natural products, especially those extracted from traditional Chinese medicines with long clinical use, have more advantages in structural diversity and safety profiles. Our experiments demonstrated that dioscin had exerted profound antitumor activities against colorectal cancer. In vitro, dioscin dose-dependently inhibited colorectal cancer proliferation and anchorage-independent growth. In vivo, in HT-29 and HCT-116 xenograft models, dioscin at the dose of 5mg/kg substantially inhibited xenograft growth. As reported by Xu et al in Sprague-Dawley rats, the no observed adverse effect level (NOAEL) dose is estimated 300mg/kg, which was significantly higher than the effective dose required for dioscin to provide antitumor activity, suggesting dioscin had an excellent therapy margin.[@CIT0023]

As an important hallmark of tumor cells, tumor glycolysis played a vital role to support rapid growth. Owing to the importance of tumor glycolysis, the deregulation of hexokinase-2 is often associated with high glycolytic activity. Hexokinase-2 overexpression is detected in multiple cancers, including hepatocellular carcinoma, lung cancer, gastric cancer, ovarian cancer, and breast cancer.[@CIT0024]--[@CIT0026] In colorectal cancer, we also found that compared to the adjacent normal tissue and cells, hexokinase-2 expression was significantly increased ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}), implying that hexokinase-2 was involved in the regulation of colorectal cancer glycolysis and contributed to the tumor growth. In dioscin-treated cells, because of hexokinase-2 suppression, glucose uptake and lactate generation were substantially decreased, indicating the glycolysis activity in colorectal cancer cells was significantly inhibited by dioscin. On the other hand, in exogenously overexpressed hexokinase-2 cells, the impairment of glycolysis suppression further validated that the reduction of hexokinase-2 played an essential role in dioscin-induced glycolysis inhibition ([Figure 2C](#F0002){ref-type="fig"}--[G](#F0002){ref-type="fig"}). According to previous studies, different mechanisms, for example, activation of estrogen receptor-β, inhibition of ROS-mediated PI3K/Akt signaling, demethylation of DAPK-1 and RASSF-1α genes, activation of apoptosis-inducing factor (AIF) is reported to be contributed to the induction of cell apoptosis by dioscin.[@CIT0027] In our studies, as shown in [Figure 3G](#F0003){ref-type="fig"} and [H](#F0003){ref-type="fig"}, exogenous overexpression of hexokinase-2 significantly reverses the apoptosis induced by dioscin, indicating hexokinase-2 was also engaged in dioscin-induced cell apoptosis. As reported by Pastorino et al the pro-apoptotic protein Bax could compete with hexokinase-2 for combination with VDAC-1, and the separation of hexokinase-2 from the membrane enhanced the binding between Bax and VDAC-1, which led to the substantial increase of the permeability of the membrane.[@CIT0028] In dioscin-treated cells, the results of immunoprecipitation indicated that the interaction between hexokinase-2 and VDAC-1 was impaired, and the amount of Bax in mitochondria was dose-dependently increased ([Figure 3A](#F0003){ref-type="fig"}--[D](#F0003){ref-type="fig"}). Therefore, we disclosed a novel mechanism by which dioscin-induced CRC cells apoptosis. That is, owing to hexokinase-2 inhibition after dioscin treatment, Bax could bind to the VDAC-1 on the membrane more efficiently, which led to the increase of permeability and the release of cytochrome C and subsequent cell apoptosis.

Because of the importance of hexokinase-2 in cellular metabolism and survival, the regulation of hexokinase-2 is complicated in tumor cells. Sequence analysis of hexokinase-2 promoter region demonstrated that there were multiple functional response elements for transcriptional factors such as HIF-1, p53.[@CIT0029],[@CIT0030] As a transcription factor that plays a crucial role in cancer development, c-myc was also involved in hexokinase-2 regulation. In lung adenocarcinoma induced by c-myc, the expression of hexokinase-2 in mitochondrial was up-regulated near 5-fold and contributed significantly to the apoptosis inhibition.[@CIT0031] In Burkitt's lymphoma, it was reported by Kim et al that dysregulated c-myc collaborated with HIF-1α to induce hexokinase-2 overexpression and resulted in the metabolic switches to tumor glycolysis.[@CIT0032] In colon cancers, c-myc-mediated upregulation of hexokinase-2 contributed significantly to interleukin-22-induced aerobic glycolysis.[@CIT0033] In the present studies, we also clarified that c-myc inhibition was closely associated with dioscin-mediated hexokinase-2 suppression, which was evidenced by the recovery of hexokinase-2 in c-myc ectopic-overexpression cells ([Figure 4D](#F0004){ref-type="fig"}). Posttranslational modification is an important way to regulate the activity and stability of c-myc. With the addition of the proteasome inhibitor, dioscin-induced c-myc decrease was substantially recovered, suggesting the proteasome system participated in the regulation of c-myc. FBW-7 is a well-known E3 ligase responsible for c-myc ubiquitination.[@CIT0034] In FBW-7 deficient cells, dioscin-mediated c-myc ubiquitination was almost completely diminished, verifying that FBW-7 was involved in the regulation of c-myc by dioscin. Although dioscin had no effects on FBW-7 expression, the binding between FBW-7 and c-myc was substantially enhanced in dioscin-treated cells. Based on the results above, we proposed that through the enhancement of the interaction between FBW7 and c-myc, dioscin promoted the ubiquitination of c-myc, which resulted in the degradation of c-myc and hexokinase-2 suppression.

Conclusion {#S0005}
==========

In the present study, we demonstrated that through suppressing tumor glycolysis and inducing cell apoptosis, dioscin exerted potent antitumor activities against colorectal cancer. Furthermore, we revealed a novel antitumor mechanism of dioscin. By reinforcing FBW-7 mediated ubiquitination of c-myc and promoting c-myc degradation, dioscin substantially inhibited the activity of hexokinase-2, which gave rise to the glycolysis inhibition and apoptosis induction. In summary, our data provided the preclinical evidence for the application of dioscin or its derivatives in the treatment or prevention of colorectal cancers.
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